Introduction
Lung cancer remains the leading cause of cancer-related death in both the USA [1] and worldwide, with the non-small cell (NSCLC) subtype accounting for the majority of cases in smokers and non-tobacco-related patients [2] . Late diagnoses and inefficient therapeutics contribute to poor prognoses and to average 5-year survival rates less than 15% [1] , [3] , [4] , [5] .
NSCLC is characterized by genomic abnormalities, which include common somatic DNA copy number variations (CNVs). Comparative genomic hybridization (CGH) by spectral karyotyping [6] or low-resolution genomic DNA microarray assays [7] , [8] , [9] have highlighted losses/deletions at 2q36-37, 3p21, 8p22, 9p21-22, 9q22, 13q22 and 17p12-13, and gains/amplifications at 1q23, 1q31, 3q25-27, 5p13-14, 6p, 7q and 8q23-24; however, few of these alterations have been shown to be involved in tumor aggressiveness [9] or the clinical progression of NSCLC.
Recently, international consortiums for the study of lung cancer have used high-density SNP arrays (250 K) to describe CNVs, such as 5p15.33, 7p11.2, 14q13.3 and 17q12, as well as microdeletions at 5q11.2, 7q11.22 and 9p23 [10] . Some of these CNVs, such as gains at 14q13.3 containing the NKX2-8 [11] and NKX2-1 genes [10] , have been shown to be functionally involved in growth, survival and tumorigenic activity in NSCLC [10] , [11] . Increases in the CNV at the 5p13.2 locus have been proposed as a new molecular marker of early preinvasiveness [12] . In addition, a genetic signature of mRNA overexpression from 7q11.23, 14q23.2 and 17q21.2 (STX1A, HIF1A and CCR7, respectively) has been identified as a predictive progression-prognosis signature during the early clinical stages of NSCLC patients [13] .
Poor prognoses have been associated with the 7p locus, which may be due, in part, to increased CNV and the overexpression of potential oncogenes at 7p15.3-11.2, which have been described in 56% of NSCLC cell lines [14] . Also, gains at 7p12-21 have been identified in nearly 50% of NSCLC patients with metastatic disease [15] , which may represent one of the karyotypic evolution models of NSCLC based on gains of chromosome 7 [16] . Moreover, epigenetic aberrations, such as DNA hypermethylation at 7p15.2 [17] , may represent relevant regulatory mechanisms and/or markers, not only for lung cancer biology [16] but also for NSCLC progression, due to their presence during the early [17] and late clinical stages [10] , [11] , [15] . However, to date, the molecular relationships between high-frequency CNVs, epigenetic aberrations, patient prognoses and oncologic failure in NSCLC have not yet been fully investigated.
In the present study, we attempted to correlate potential epigenetic modifications with the pattern of DNA copy number changes in NSCLC through the use of high-resolution tiling SNP arrays (500 K). We identified amplifications at the 7p22.3-p22.1, 7p21.3-p21.1 and 7p15.3-p15.2 cytogenetic regions in range of 66-51% of our cases. These amplifications resulted in MEOX2, HDAC9, TWIST1 and AhR overexpression despite the little increased levels of DNA methylation. However, the significantly lower enrichment of the repressive histone marker H3K27me3 and the significantly increased activation of H3K4me3 at both the MEOX2 and TWIST1 promoter regions were correlated with poor clinical prognoses. Therefore, as we demonstrated in NSCLC cell line models, cisplatinum chemoresistance correlates with an over-expression of MEOX2 and TWIST1 genes, mainly due to the loss of the histone repressive marks H3K27me3. Our results suggest that epigenetic mechanisms exceed genetic (CNV) aberrations at 7p21 and complement them, thereby contributing to aggressiveness and the failure of oncologic therapy in NSCLC patients.
Materials and Methods

Sample Selection
A total of 55 lung tumors (LT), 15 adjacent non-involved lung matched tissues (LNAT) and 20 lung precursor lesions (LP) from Fresh Frozen (FF) and Formalin-Fixed and Paraffin Embedded (FFPE) tissues processing methods, were collected from the Thoracic Surgical Service and Pathology Service at the National Institute of Respiratory Diseases (INER). Additionally, the NSCLC cell lines SK-MES-1, A-549, A-427, were obtained from the American Type Culture Collection (ATCC, Manassas, VA, USA) and INER-37, INER-51 were obtained from Mexican Mestizo patients, as previously reported [18] , [19] .
Ethics Statement
The Institutional Review Board (IRB) of the National Institute of Respiratory Diseases (INER) approved the protocols with register B17-07 and B09-08, and from the Universidad Nacional Autó noma de México (UNAM), FES-Iztacala, Biomedicine Research Unit reviewed and approved the protocols for these genetic and molecular biology studies. Informed consent was obtained from patients with diagnosis of LT and undergoing surgical procedures. All subjects signed the informed consent letter for these research studies at thoracic surgery service, INER, and they authorized the storage of their biological samples at INER and UNAM repositories for this and future studies. In this study we did not collected samples from minors/children, only young adults older than 18 years were included.
SNP Mapping Array 500 K Hybridization and Bioinformatics Analyses
A total of 30 LNAT, LT, LP and NSCLC cell line DNA samples were included in the array hybridization platform (SNP 500 K) and in some cases for SNP 6.0 arrays, according to the manufacturer's recommended instructions (Affymetrix, Santa Clara, CA, USA), and analyzed using the previously described method [20] by comparing 300 human healthy donors from the Mexican Mestizo population Haplotype Map database previously described [21] . Affymetrix SNP arrays data (Affymetrix Console Version 4.1.3), were imported, normalized and increases of CNV were identified using Partek Genomics Suite Program Defaults and Partek Genome View Tools (Partek, Saint Louis, MI, USA), when the average of 20 SNP exceeded a copy number ratio of 2.5 or was less than 1.5 (FDR#0.02). Pathway prediction analyses from the genes with copy number changes in our NSCLC samples (File S1) were performed using the Software Ingenuity System Program (Version 7.0). The list of aberrant genes included in our cellular pathway prediction analyses, were selected based on the availability of expression profiles in human lung tissues and lung carcinoma tissues, using data in EntrezGene browsing (http://www.ncbi.nlm.nih.gov/gene) and web browser GeneCards Human Gene Database (http://www.genecards.org/). SNP array data included in the present study were submitted and approved by the Gene Expression Omnibus (GEO) database with the GEO official number: GSE62407.
Immunohistochemical Assays in Histological Samples
Immunohistochemical analyses were performed on LNAT, LT and LP tissue samples fixed with formaldehyde 10% or Hope I/II reactive Method (Innovative Diagnostik-System, Germany), and subsequently using 1-2 micrograms of specific antibodies anti-MEOX2, anti-TWIST1, anti-HDAC9, and anti-EVX1 (Santa Cruz Biotechnology, Dallas, Texas, USA), by incubation in a humidity chamber and in addition of the antigen-specific reaction with avidin-biotin peroxidase/diaminobenzidine system (Dako, Carpinteria, CA, USA). A Ventana System device (Roche, Tucson, Arizona, USA) and a transmitted light microscopy study (Leica, Bannockburn, IL, USA), were used to obtain photomicrographs at 40X and 80X magnification.
Real-Time PCR for mRNA Expression and DNA Quantification Assays
For the mRNA expression analyses, cDNA was synthesized from 2 mg of total RNA using the High Capacity Kit (Life Technologies Corporation, Applied Biosystems, Foster City, CA, USA). cDNA and genomic DNA were also amplified using SYBR Green qPCR assays and oligonucleotide sets designed by Primer Design and/or Vector NT software programs, and synthesized by Sigma-Genosys (Sigma-Aldrich, St. Louis, MO, USA), described for mRNA expression assays in Table S1 , and for DNA promoter sequences analysis in Table S2 .
Quantitative real-time PCR (qPCR) was performed on a
Step One Plus and 7500 Device (Life Technologies Corporation, Applied Biosystems, Foster City, CA, USA), and in a LightCycler 480 System (Roche, Mannheim, Germany), using Power SYBR Green (Life Technologies Corporation, Applied Biosystems, Foster City, CA, USA) and Maxima SYBR Green qPCR Master Mix (Thermo Fisher Scientific, Fermentas, Life Science, Foster City, CA,).
Conditions for relative quantitative PCR reaction using Fermentas SYBR Green were as follows, one cycle of 50˚C for 2 min, one cycle of 95˚C for 10 min, 40 cycles of 95˚C for 15 s, 60˚C for 30 s, and additional extension step at 60˚C for 30 s. While for Applied Biosystems Power SYBR Green were as follows: one cycle of 50˚C for 2 min, one cycle of 95˚C for 10 min, 40 cycles of 95˚C for 15 s, 60˚C for 30 s, and 72˚C for 30 s. At the end of the PCR reaction, samples were subjected to a melting analysis to confirm specificity of the amplicon, and b-actin gene was used as housekeeping for normalization analysis.
Restriction Enzyme Methylation-Sensitive Assays
Methylation status of genomic DNA (200 ng) that was derived from LNAT, LT and LP tissues and the lung cancer cell lines was examined using 0.5 units each one of a combination of methylation-sensitive restriction enzymes HpaII, HpyCH4IV and/or AciI (New England Biolabs, Ipswich, MA, USA) and incubating at 37˚C, for 4 h. Followed by methylation-sensitive PCR amplification assays using oligonucleotide sets (Table S2) , designed inside of the predicted CpG islands of the promoter's target genes (MEOX2, HDAC9, TWIST1, and AhR), following criteria as island size .100, and GC Percent .50.0, using MethPrimer to enclose as many restriction sites to attain the enzymes sensitive to methylation status, inside the amplicon and indicated at Table S3 .
Methylation Sensitive PCR Assays
Methylation status (%) was calculated based on Methylation Sensitive PCR assays, by using oligonucleotide sets containing CpG sites inside on the amplicon at promoter's target genes studied (MEOX2, HDAC9, TWIST1, and AhR) described at Table S3 . Briefly, 50 ng of digested DNA were used as input on 25 ml of total PCR reaction, and product sizes analyzed, according to the 
Chromatin Immunoprecipitation (ChIP)
Fresh frozen LT (3 mm 3 ) were pulverized under liquid nitrogen freezing and fixed with 1% formaldehyde during 10 min, and immediately neutralized with 0.125 M glycine during 5 min. Resulting cells were washed with 1% PBS, and lysed with the lysis buffer (50 mM HEPES-KOH pH 7.5, 140 mM NaCl, 1 mM EDTA pH 8, Triton X-100 1%, 0.1% Sodium Deoxycholate, 0.1% SDS) containing protease inhibitor cOmplete Mini 1 tablet in 10 ml (Roche, Indianapolis, IN, USA).
Chromatin from LT samples was sonicated using 10 pulses of 20 seconds w/u 60 watts. 10 mg of chromatin was immunoprecipitated (ChIP) using the commercial kit EZ-Magna ChIP G (Millipore, Temecula, CA, USA), and using 2.5 mg of anti-H3K27Ac, anti-H3K4me3, anti-H3K27me3, anti-H3K9me3 and anti-RNA Pol II activated antibodies (AbCam, Cambridge Science Park, Cambridge, UK). 1 mg of anti-mouse IgG was used as a negative control for ChIP (Millipore, Temecula, CA, USA). Integrity and quality of promoter sequences of Immuno-precipitated DNA (IP-DNA) were assessed by PCR amplification product of 166 bp for the promoter sequence of the gene GADPH as recommended by the supplier (Millipore, Temecula, CA, USA).
IP-DNA Amplification and ChIP Quantitative Analyses Using qPCR Assays
Immunoprecipitated DNA (IP-DNA) 20 ng was linearly amplified using the Whole Genome Amplification (WGA1) Kit (Sigma, St. Louis, MO, USA), and after that was purified by MiniElute columns (QIAGEN, Hilden RenaniaWestfalia, Germany).
The IP-DNA obtained from both LT samples and LT cell lines were analyzed by qPCR absolute quantification using LightCycler 480 System (Roche, Mannheim, Germany), and SYBR Green Master Mix (Thermo Fisher Scientific, Fermentas Life Science, Foster City, CA, USA) and oligonucleotide sets for the targets and controls (Table S2) .
IP-DNA 20 ng were used per reaction, likewise amplification of standard curves were developed, through serial dilutions of native DNA from peripheral blood mononuclear cells of healthy donors (100 ng, 10 ng, 1 ng, 0.1 ng, and 0.01 ng), and using oligonucleotide sequences targets (Table S2) , and oligonucleotide sequence controls as C-fos promoter taken from Chromatin Immunoprecipitation kit Magnify System (Invitrogen, Life Technologies, Carlsbad, CA, USA).
Cellular Cytotoxicity Assays
Cellular viability analyses were performed in 96-well plates using 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulphophenyl)-2H-tetrazolium (MTS) (Promega, Madison, WI, USA) in the absence or presence of the oncologic drug cisplatinum. To do this, 96-well plates were seeded with 3,000 to 5,000 cells in 200 ml of RPMI-1640 medium for 48 h and, subsequently, incubated with 10 ml of MTS [5 mg/ml] for 3 h, for later reading at 550 nm and/or 570 nm, using the formula: cell viability 5 (O.D. of the sample/Control O.D.) 6100. Likewise, drug resistance curves were developed in a dose-response dependent manner using serial dilutions of the cancer drug cisplatinum.
Genetic Silencing (siRNA Transfection Assays)
We used small interfering RNAs (siRNAs) directed against MEOX2 (sc-106233), TWIST1 (sc-38604) and non-human related mRNA as a negative control (sc-37007 and sc-44230) all obtained from Santa Cruz Biotechnology (Dallas, Texas, USA). Briefly, cell cultures with 3% of antibiotic-free FCS were incubated in 96-well plates during 12 hr and then transfected with RNAi Reagent, Lipofectamine (Life Technologies Corporation, Invitrogen, Foster City, CA, USA) and siRNAs at 50 nM, in a total volume of 100 ml.
Western Blot
Proteins were extracted and purified by the method of TRIZOL (Invitrogen), suspended in SDS 5% with protease inhibitors (complete mini, Roche, Indianapolis, IN, USA), and quantified by the Lowry method. Total proteins (30 mg) were subjected to vertical electrophoresis in acrylamide gels 12%, and then were transferred to nitrocellulose membranes using Trans-Blot-Turbo equipment/Transfer System (BioRad, Hercules, CA, USA). Membranes were incubated overnight at 4˚C, blocking with low fat milk 5% in PBS 1X/Tween20 0.1%, and incubated 2 hr with antibodies (MEOX2) 1:1500, (TWIST1) 1:1500, (b-actin) 1:3000, or (GAPDH) 1:3000 (Santa Cruz Biotechnology, Dallas, Texas, USA). Membranes were incubated during 1 hr with a secondary antibody (anti mouse HRP/anti rabbit HRP) 1:10000, at room temperature and revealed with Luminol 1 min at room temperature using C-Digit scanner (Li-cor, Lincon, Nebraska, USA) and Hypercassette and Films (Amersham, Chalfont, Buckinghamshire, England).
Statistical Analyses
Fisher's exact test, t-test and Mann Whitney-U statistical tests were used to analyze the differences between groups of patients, p values #0.05 were considered statistically significant. We also used Log-Rank (Mantel Cox) and Gehan-Breslow-Wilcoxon survival curve tests. All statistical analyses were performed using SPSS statistical software for Mac-OS X (version 11.0) and GraphPad (version 5.0).
Results
Chromosomal Microaberrations and Increased Copy Number Variations (CNVs) with High Frequencies at 7p22-21 and 7p15 in Lung Cancer Patients
In order to identify the most frequent genetic microaberrations with its probable genetic expression profiles and epigenetic aberrations in lung cancer patients, LNAT-, LP-, LT-and NSCLC cell line-derived DNA samples (n530) were subjected to genomic hybridization assays on SNP 500 K microarrays. The bioinformatics segmental analysis allowed the identification of chromosomal aberrations and increased CNVs in the LT-derived samples, which were not observed in the LNAT-derived matched tissues. Typical chromosomal aberrations in lung cancer including 3p deletions; amplification of multiple regions on chromosomes 5, 12, 14, 16, 18, 19 and 20; and amplification/deletion of several regions of chromosome 8 were identified ( Figure 1A) .
A high frequency of CNV using focal genomic analyses at 7p22.3-p22.1, 7p21.3-p21.1 and 7p15.3-p15.2 ( Figure 1B) were detected. In particular, we observed DNA amplifications at the 7p21.1 locus in the LT-and LP-derived samples in nearly 55% of cases (15/27 lung lesions), including 3 of 4 precursor lesions ( Figure 1C and Figure S1 ), which were not observed in the LNAT-derived samples ( Figure 1C) .
Furthermore, we confirmed increases in CNV at the 7p locus in both the LPand LT-derived samples using the SNP 6.0 platform ( Figure S2 ). The 39 genes with the highest rates of change in CNV are shown in Table S4 . These changes were located in the 7p22.3-p22.1 and 7p21.3-p21.1 cytogenetic regions, and they included ZNF12, RPA3, MEOX2, BZW2, TSPAN13, AGR2, AGR3, AhR, TWIST1 and HDAC9. Changes in TWISTN, HNRNPA2, CBX3, the HOXA cluster and EVX1, which are located at 7p15.3-p15.2, were also identified (Table S4) .
We detected a total of 1,376 genes with copy number changes in our human lung cancer samples (File S1). Of these genes, 809 genes were amplified at a frequency of 37-66% at chromosome 7.
Based on this analysis we found an enrichment of genes involved in several cellular signaling pathways, particularly cell cycle control, cellular movement, cell death and embryonic development networks (data not shown), some of them listed in Table S4 , suggesting that genetic and/or epigenetic aberrations are playing a functional important role in lung cancer biology. The correlation between the increase in CNV and relative mRNA expression levels, as well as the impact of DNA methylation on mRNA expression profiles were analyzed in lung carcinomas. Using qRT-PCR assays, we found that only MEOX2, HDAC9 and TWIST1 (Figure 2A) , as well as AhR and EVX1 genes ( Figure S3A -B) were over-expressed and positively correlated with CNV-high context ( Figure 1B and C, and Figure S1 ), compared to other genes at 7p21 (not shown). The expression of these genes was significantly higher in the LT-derived samples than in the LNAT-derived samples (p#0.05). In addition, the nuclear protein levels of MEOX2, HDAC9 and TWIST1 were consistently increased in the LT-derived samples ( Figure 2B ) as well as MEOX2 and TWIST1 protein levels/ abundance in NSCLC cell lines ( Figure S4A-C) , whereas the expression of these proteins in the adjacent pulmonary parenchyma and the LNAT-derived samples were not increased ( Figure 2B ), as detected using immunohistochemistry. An increase in EVX1 expression was detected at the membranes in the LP-and LTderived samples and the NSCLC cell lines (Figure S5A-B) .
To further explore the effect on gene expression of genes associated to CNV, the involvement of epigenetic changes, in particular DNA methylation was assessed. Methylation-sensitive enzymatic restriction assays revealed small differences in the DNA methylation percentage between the LNAT-and LT-derived samples in the promoter sequences of MEOX2, HDAC9 and TWIST1 (Figure 2C ), suggesting a lack of correlation between mRNA expression and DNA methylation (Figure 2A and 2C). Additionally, we identified a reduction in DNA methylation for MEOX2, HDAC9 and TWIST1 (p#0.005 and p#0.001, respectively), in the LP-derived samples that were not observed in the LNAT-and LT-derived samples ( Figure 2C ).
As a complement, a paired analysis between the LNAT-and LT-derived samples in some CNV-free patients also revealed an mRNA overexpression of MEOX2, HDAC9, and TWIST1, suggesting a lack of genetic (CNV) and epigenetic (DNA methylation) correlation ( Figure S6A-C) , and a lack of genetic-epigenetic correlation in CNV-high patients ( Figure S7A-C) ; with exception for the AhR gene between LNAT-and LT-samples ( Figure S3A, S3C) , and between CNV-free and CNV-high patients (S6D, and S7D). In summary, our data suggest that DNA methylation is not the main responsible for the observed expression patterns at the 7p21 cytogenetic region in lung carcinomas, such as NSCLC. 
Overexpression and Correlated with Poor Clinical Prognosis in NSCLC
Therefore, we asked whether other epigenetic modifications might participate in the regulation of the affected genes, focusing at the 7p21 cytogenetic region in NSCLC.
On this, as a completely independent validation study, the role of histone modifications in the overexpression of MEOX2 and TWIST1 in NSCLC patients was evaluated. For this analysis an additional group of patients who had undergone a clinical follow-up was studied to determine whether MEOX2 and TWIST1 overexpression in the tumoral tissue was associated with the levels of H3K27me3 vs. H3K27Ac and H3K4me3 and might determine the prognosis and/ or responsiveness to oncologic treatment in NSCLC patients.
A paired analysis between the LNAT-and LT-derived samples, in association with MEOX2 and TWIST1 overexpression ( Figure 3A-B) , revealed a reduction in H3K27me3 (Figure 3C-D) . Those patients with lower enrichment levels of the repressive histone H3K27me3 and high MEOX2 and TWIST1 mRNA expression ( Figure 3A -D) displayed poor survival rates, with an average of 6.2 months (DSE, RSCL, MGGR, GOMJ and GCH patients) whereas patients with higher H3K27me3 enrichment levels and low MEOX2 and TWIST1 mRNA expression ( Figure 3A -D) displayed better survival rates, with an average of 53.4 months (GMRM, AEE, SPN, GHM and PMA patients, with p#0.0027) ( Figure 3E , Table 1 ).
Also, significantly increased levels (p#0.008) of the repressive histone marker H3K27me3 at both the MEOX2 and TWIST1 promoter sequences were confirmed for those patients with higher survival rates ( Figure 4A-B) . However, no significant changes in H3K27Ac levels were observed ( Figure 4C-D) . In contrast, reduced levels of the activation marker H3K4me3 were detected at both the MEOX2 (p#0.028) and TWIST1 (p#0.0006) promoter sequences in the high survival group of patients ( Figure 4E -F) and were correlated with partial response to adjuvant cisplatinum or carboplatinum, as the first line chemotherapy in NSCLC patients (Table 1) .
These findings suggest that decreased levels of the histone marker H3K27me3 and increased levels of H3K4me3 are correlated with MEOX2 and TWIST1 overexpression, probably associated to clinical response prognosis in NSCLC patients (Table 1) , or involved in the acquisition of chemoresistance. Figure 5A-B) . In addition, an increase in the levels of the activation modification H3K4me3 was detected in A-427 cells ( Figure 5B ), whereas the repressive histone modification H3K9me3 was increased in INER-37 cells ( Figure 5B ). These results were correlated with a significant (p#0.05) increase in MEOX2 expression in A-427 cells and a significant (p#0.001) decrease of MEOX2 expression in INER-37 cells ( Figure 5E ).
The lower levels of H3K27me3 and the higher levels of H3K4me3 and H3K27Ac indicate activation of the expression of the TWIST1 gene in A-427 cells ( Figure 5C-D) . In contrast, only marginal increases in H3K27Ac caused by cisplatinum exposure were observed in INER-37 cells (Figure 5C-D) . As a result of these changes, TWIST1 mRNA overexpression was induced in A-427 cells (p#0.001) but not in INER-37 cells ( Figure 5F ).
Based on the results outlined above, we propose that MEOX2 and TWIST1 overexpression is associated with reduced H3K27me3 levels and that increased H3K4me3 levels at both the MEOX2 and TWIST1 promoters participate in resistance to oncologic drugs, as likely occurred in cisplatinum/carboplatinumtreated NSCLC patients (Table 1) .
To test this hypothesis, cisplatinum-resistance assays were conducted in A-427 and INER-37 cells, revealing that A-427 cells developed greater chemoresistance than INER-37 cells ( Figure 5G ). According to this, we suggest that stochastic effects caused by cisplatinum reduced the levels of H3K27me3 and increased the levels of H3K4me3 at both the MEOX2 and TWIST1 sequence promoters ( Figure 5B and D) , promoting MEOX2 and TWIST1 mRNA overexpression ( Figure 5E -F) and contributing to chemoresistance in A-427 cells ( Figure 5G ). These results were in accordance with the lack of induced mRNA expression in response to 59-aza-deoxycytidine treatment; in contrast of the induction of mRNA expression using histone deacetylase inhibitor TSA (data not shown).
Finally, we demonstrated that cisplatinum chemoresistance is highly dependent upon MEOX2 (rather than TWIST1) in the chemoresistant A-427 cell line using cellular cytotoxicity assays and genetic silencing ( Figure 5H ). In this regard, we observed that MEOX2 protein expression is induced in a cisplatinum dosedependent manner, where MEOX2 inducible expression decreased by greater than 60% using siRNA/MEOX2 silencing assays (data not shown). These results support our hypothesis that the loss of H3K27me3 and the enrichment of p#0.02). (C) H3K27ac enrichment in the promoter sequence of MEOX2 (no significant changes) and (D) H3K27ac enrichment in the promoter sequence of TWIST1 in high survival patients compared to patients with poor prognoses (no significant changes). (E) H3K4me3 enrichment in the MEOX2 promoter sequence (*F test, p#0.02) and (F) the TWIST1 promoter sequence in high survival patients compared to patients with poor prognoses (***F test, p#0.0006). Error bars represent mean with range. doi:10.1371/journal.pone.0114104.g004 MEOX2, TWIST1, and H3K27 Determine Lung Cancer Chemoresistance H3K4me3, as well as H3K27Ac in some cases (Figure 5A-D) exceed the presence or absence of CNVs at 7p21 inducing overexpression of MEOX2 and TWIST1, associated to NSCLC patients prognosis.
Discussion
Lung cancer has long been considered to affect primarily elderly people, but it has recently occurred with greater frequency in younger patients, suggesting the influence of external environmental factors that may supersede genetic susceptibility factors that are associated with lung cancer development, such as genetic polymorphisms at 5p15.33 [22] , [23] and 6p21.33 [23] .
Previously, chromosomal imbalances [7] , [14] and high frequencies of CNV [10] , [11] , [12] on chromosomes 3, 5, 7 and 14, as well as epigenetic (methylated DNA) aberrations of HOXA5, HOXA7 and HOXA9 at 7p15.2, were associated with early clinical stage [17] and clinical progression [24] in NSCLC patients [17] , [24] and NSCLC cell lines [14] , [17] . As we demonstrated in the present study, high frequencies of CNV, histone H3K27 and H3K4 imbalances at the 7p21 locus also occur during the advanced clinical stages in NSCLC patients and NSCLC cell lines (Caucasian and Mexican Mestizo), and these features likely exist in lung precursor lesions and contribute to lung cancer progression, although further studies must be conducted to confirm these hypotheses.
However, reports have indicated that lung cancer development occurs preferentially through genomic imbalances. Other pathways, such as gains of chromosome 7 [16] and copy gains at the 5p and 8q subtelomeric regions, have been shown to contribute to the histopathological progression of bronchioloalveolar carcinomas to lung adenocarcinomas (AD). In particular, 7p genomic instability has been associated with aggressiveness and invasive lung tumors [25] , and recurring gains at 7p21 (e.g., AGR2) are often present in both lung AD cell lines and advanced NSCLC [26] .
Our results suggest that MEOX2, HDAC9, TWIST1, AhR and EVX1 overexpression from the 7p21 locus may be novel lung cancer or NSCLC tumor markers. This pattern of overexpression occurs in both patients with high frequencies of CNV and in those lacking CNV and is likely due to epigenetic aberrations that exceed the gains in CNV that are frequently reported at the 5p [12] and 7p loci [9] , [10] , [14] , [26] in NSCLC, as have been previously described in the presence and absence of CNV at the 3p22.3 locus, but they are under the control of histone code aberrations in epithelial tumors [27] . These aberrations also likely occur for IRX2 at the 5p15.33 locus [24] , as well as HOXA4 and HOXA5 [27] and HOXA7 plus HOXA9 at the 7p15.2 locus [17] . And they may affect the functional behavior or clinical progression of NSCLC, either independent of or in addition to the main chromosomal disturbances previously described by The International Lung Cancer Consortium ''ILCCO'' [10] .
Previous reports have indicated that increases in CNV in lung cancer are correlated with mRNA and protein overexpression. In contrast, overexpression is detected even in the absence of mutations, amplifications or CNVs, as has been described for other potential tumor markers including TFDP1 at the 13q34 locus [28] and NKX2-8 [11] and NKX2-1 [10] at the 14q13.3 locus, and as we demonstrated for the MEOX2, HDAC9, TWIST1 and AhR genes at the 7p21 locus. Overexpression also occurs at the 1p31.1, 3p22.3, 5q12.1-5q13.2 and 7p15.2 chromosomal regions, which contain gains in CNV. However, at least in the case of the 3p22.3 locus, the regulation of mRNA expression appears to be under epigenetic control by the repressive histone marker H3K9me3, as detected using ChIp assays. This occurs even in the absence of high CNV and independent of DNA methylation status, as identified by the lack of expression in response to 59-aza-deoxycytidine treatment [27] , which has been described in different epithelial tumors [28] , [27] , but has been shown to be functionally involved in growth, survival and tumorigenic activity in NSCLC [10] , [11] , [28] .
Our results revealed that MEOX2 and TWIST1 mRNA overexpression occurred in spite of the lack of significant differences in DNA methylation between the LNAT-and LT-derived samples, as previously described for TWIST1 in NSCLC [29] , as well as MEOX2, which displayed few differences in DNA methylation between fetal lung, normal adult lung and the LT-derived samples (0%, 20% and 40%, respectively), but was overexpressed in the LT-derived samples [30] . In addition, MEOX2 promoter sequences were recently used as part of a test for cancer-specific DNA methylation cluster markers in colorectal cancer [31] , and TWIST1 methylation was assessed at promoter sequences in lung AD patients [32] .
Supporting the idea that MEOX2 and TWIST1 contribute to oncologic treatment resistance, functional studies have shown that shRNA-mediated TWIST1 silencing in cisplatinum-treated cervical cancer cells regulates the expression of the multi-drug resistance receptor, MDR1/P-gp, also known as ABCB1 [33] . Other reports have described the segmental amplification of ABCB1 at the 7q21.12 cytogenetic region in a NSCLC cell line that was resistant to paclitaxel compared to the NCI-H460 parental cell line [34] . Such cytogenetic amplification has been proposed to occur through the breakage fusion-bridge cycle model due to telomere attachment and the involvement of DNA repair mechanisms [35] . As likely occurred for CNVs at the 7p22.3-p22.1, 7p21.3-p21.1 and 7p15.3-p15.2 loci (present study), and as was previously reported for genomic amplifications at the 7p21.1 locus in taxol-resistant epithelial tumor cells, these results were likely dependent upon TWIST1 overexpression [36] .
Furthermore, TWIST1 overexpression has been associated with poorer prognoses in resectable clinical stage I NSCLC patients [37] .
In the present study, MEOX2 overexpression was associated with chemoresistance in NSCLC, which was in contrast to its physiological functions in somite morphogenesis [38] and vascular endothelial growth arrest control via NFkB inhibition [39] . In addition, the DNA binding activity of MEOX2 to the tumor suppressor p16INKa at the promoter level [40] , [41] causes cell cycle arrest and vascular cell senescence [35] , [36] , [38] .
Furthermore, we demonstrated that altered MEOX2 and TWIST1 expression in NSCLC is dependent upon the histone marker H3K27me3, which is catalyzed under normal conditions by the histone methyltransferase EZH2, a component of the Polycomb-repressive complex 2 (PRC2) [42] . However, in cancer cells, aberrations in de novo DNA methylation profiles and trimethylation of H3K27 [43] are associated with higher PRC2 occupancy at the cytogenetic regions for homeobox genes and DNA-binding proteins in NSCLC [44] . Such aberrations may also induce aberrant expression profiles, as we have described for MEOX2 and TWIST1 and as we suggest for HDAC9, AhR and EVX1 at the 7p21 and 7p15 cytogenetic regions that are controlled by loss of histone trimethylation and participate in the progression and prognosis of NSCLC patients [45] .
Our data suggest that cisplatinum drug administration modifies the balance of the histone code of H3K27me3 vs. H3K27Ac toward a significantly lower enrichment of H3K27me3 and a significantly higher enrichment of H3K4me3 at both the MEOX2 and TWIST1 promoter sequences, which is likely in accordance with the disruption of the nucleosome, histone translocations and RNA Pol failure function, as was previously reported to be caused by cisplatinum [46] . However, prior to the present study, MEOX2 and TWIST1 overexpression, which are under the epigenetic control of H3K27me3, were not known to be involved in chemoresistance and poor prognosis in NSCLC, although EZH2-mediated trimethylation of H3K27 has been previously correlated with bronchoepithelial oncogenic transformation and evasion of apoptosis [47] . These results strongly support the idea that histone code imbalances, such as H3K9Ac vs. H3K4me [48] and H3K27me3 [47] , can exceeds CNV gains and may determine clinical progression and poor prognosis in NSCLC patients.
In this context, our results also suggest that HDAC9 overexpression likely contributes to histone profile aberrations, which have not been previously described to play a role in NSCLC progression or chemoresistance. However, HDAC9 was recently described as a potential tumor suppressor gene that is involved in cell growth control in human immortalized lung epithelial cells and NSCLC cell lines in vitro [49] . In contrast to these results, HDAC9 has been described overexpressed in NSCLC patients, as observed in the present study and as reported by Okudela et al. in some NSCLC patients, and thus, HDAC9 is likely involved in lung carcinogenesis [49] .
In summary, we demonstrated for the first time that MEOX2 is involved in NSCLC clinical progression and chemoresistance, but the mechanisms involved remain uncharacterized. Nonetheless, our findings can likely be explained by xenobiotic or oncologic drug detoxification pathways that are mediated by glutathione-S-transferase M4 (GSTM4) and/or glutaredoxin (thiol transferase; GLRX), both of which are overexpressed by the transcription factor MEOX2 [39] . Also, single nucleotide polymorphisms (SNPs) in MEOX2 are also strongly associated with clinical risk progression in NSCLC patients [50] .
Finally, we demonstrated chemoresistance in NSCLC in a MEOX2 and TWIST1 overexpression-dependent manner, both in the absence or presence of high CNV. Thus, we hypothesize that epigenetic aberrations cause imbalances in the H3K27me3/Ac and H3K4me3 histone code at the 7p21 locus and that epigenetic mechanisms can exceed CNV, associated probably to poor survival and promoting resistance to oncologic drug treatment such as cisplatinum and potentially contributing to the poor survival in NSCLC patients. However additional clinical studies must be performed to confirm our findings, as new probable clinical markers of follow-up in NSCLC patients. Figure S1 . Genome wide focal analysis at chromosome 7. Focal analysis of chromosome 7 from lung normal adjacent tissues (Processing as FF), lung precursor and lung tumor samples (Processing as FFPE) (CNV in 13 of 14 lung lesion samples); consistent chromosomal amplification is shows in 7p21 (Arrow). doi:10.1371/journal.pone.0114104.s001 (TIF) Figure S2 . Whole genome analysis. Genome wide comparation analysis on lung precursor (LP) lesion versus lung carcinoma (LT), using SNP 500 K and SNP 6.0 platforms. Arrows indicates CNV at 7p, using both array-platforms. doi:10.1371/journal.pone.0114104.s002 (TIF) 
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